ABSTRACT: A series of nine amphiphilic, pore-forming α-helical KIA peptides 10 (KIAGKIA repeats) with lengths between 14 and 28 residues were studied by solid- 1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol (DMPC) with its corresponding 1-13 myristoyl-2-hydroxy-sn-glycero-3-phosphocholine (lyso-MPC), which has a highly positive 14 spontaneous curvature, the helix tilt angle was found to vary steadily with peptide length. The NMR spectra in Figure 1A show that all peptides gave a 
(KIAGKIA repeats) with lengths between 14 and 28 residues were studied by solid- 1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol (DMPC) with its corresponding 1-13 myristoyl-2-hydroxy-sn-glycero-3-phosphocholine (lyso-MPC), which has a highly positive 14 spontaneous curvature, the helix tilt angle was found to vary steadily with peptide length.
15
The shortest peptide was aligned transmembrane and upright, while the longer ones 16 successively became tilted away from the membrane normal. This behavior is in agreement 17 with the hydrophobic matching concept, conceived so far only for hydrophobic helices. In 18 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine, with a negative spontaneous curvature, all KIA peptides remained flat on the 19 bilayer surface, while the cylindrical DMPC lipids permitted a slight tilt. Peptide insertion thus depends critically on the intrinsic 20 lipid curvature, and helix orientation is then fine-tuned by membrane thickness. A refined toroidal pore model is proposed.
21
H ydrophobic matching is a well-known concept that has 22 been widely applied to hydrophobic transmembrane 23 segments of proteins.
1 However, its potential relevance for 24 amphiphilic helices has been largely ignored, because many 25 other parameters limit the ability of an amphiphilic peptide to 26 insert into a lipid bilayer in the first place. These include the 27 peptide-to-lipid ratio, 2−5 temperature, 6 sample hydration, 7 pH, 8 28 lipid composition, 9−11 as well as peptide amphiphilicity and 29 interfacial activity. 12 Among the various physical properties of 30 the bilayer, the spontaneous curvature of the lipids has been 31 recently suggested to play a pivotal role in allowing peptides to 32 flip from a surface-bound to a tilted or inserted transmembrane 33 state. 9−11 Here, we have utilized bilayers with a highly positive 34 spontaneous curvature to promote the ability of amphiphilic 35 peptides to insert and assemble as stable toroidal pores. These 36 data prove that (i) the intrinsic lipid curvature is a critical 37 parameter that allows membrane insertion to occur (rather than 38 membrane thickness) and (ii) once inserted, the helix tilt angle 39 is governed by hydrophobic mismatch, as had been described 40 only for hydrophobic segments so far. 13,14 Bilayer thickness 41 thus determines only the "fine-tuning" of the helix tilt angle, 42 and based on these findings, a new and refined model of a 43 toroidal pore can be presented.
44
A series of nine ideally amphiphilic α-helical peptides, called 45 KIA peptides (whose sequences consist of KIAGKIA repeats, t1 46 see Table 1 ), were synthesized with lengths between 14 and 28 47 amino acids and were shown to be highly helical when bound 48 to membranes (Table 1) . 15 We had previously found that these 49 The NMR spectra in Figure 1A show that all peptides gave a In 1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol 90 (DMPC), a lipid with a small positive spontaneous curvature, 91 the KIA peptides were also found to lie more or less flat on the 92 membrane surface ( Figure 1D ). Only a slight insertion was 93 expected, and indeed the peaks of KIA17 and KIA21 are seen 94 to be shifted to ∼120 ppm. Samples were therefore also 95 prepared with a higher P/L of 1:20 to promote overall which has a very high positive spontaneous curvature, at a ; (E) DMPC at a high P/L ratio of 1:20; (F) DMPC/lyso-MPC (2:1) (12 mg DMPC, 5 mg lyso-MPC, 1.2 mg peptide). Except for column E, the peptide-to-lipid mass ratio was kept constant (and corresponds to a commonly used molar P/L ratio of 1:50 for the medium-length KIA21). Vertical dotted lines are included in the spectra to guide the eye, and the estimated peptide orientation is illustrated for each case. interspersed between the peptides (Figure 2 ). As discussed in 187 the Supporting Information, the 31 P NMR spectra are 188 compatible with such pores (see Figure 1 , and Figure S2 ).
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The mean curvature in the interior of a toroidal pore can be The idea of hydrophobic mismatch was conceived for 208 "classical" transmembrane segments of integral membrane 209 proteins, i.e., when the helices are completely hydrophobic 210 (and obviously have no pore-forming function). This concept 211 was found to apply ideally when a single hydrophobic peptide 212 crosses the membrane, while helix bundles in polytopic 213 membrane proteins tend to interact with one another to 214 stabilize their individual tilt angles. 13, 30 In the case of the 215 amphiphilic pore-forming peptides, however, a soft oligomeric 216 assembly has to be considered, where the individual 217 components can readily slide along each other like the 218 segments of an iris, "greased" by the intercalated lipid head 219 groups.
220
Depending on the global or local point of view, the (global) 221 "transmembrane" alignment of the KIA peptides within the 222 pore is fully consistent with the statement that the peptides are 223 at the same time (locally) floating on the amphiphilic "surface" 224 of the lipid monolayer lining the toroidal wormhole. If the 225 peptides were free to diffuse within the continuous monolayer 226 leaflet, one might expect that the helices could assume any tilt 227 angle simply by shifting their position along the surface within 228 the toroidal pore. However, this is not observed by NMR, 229 because there is not a broad distribution of NMR signals. 230 Instead, a single sharp peak ( Figure 1F ) with a characteristic 231 chemical shift is observed, indicating that all peptides have very 232 similar orientations and that they do not undergo averaging by 233 rapid passages across the toroidal pore. It thus seems there are 234 two stable orientations for KIA peptides in lipid bilayers: either 235 flat on the (global) membrane surface or more or less tilted 236 within the center of the pore, but nothing in between. This 237 would fit with a "classical" toroidal pore as illustrated for 238 example by Brogden. 31 Under the equilibrium conditions of the 239 NMR experiment, we conclude that the ideally amphiphilic α-240 helical KIA peptides are able to assemble into a stable pore 241 complex, containing an unknown number of helices, as shown 242 in Figure 2 . When the peptides are just long enough to span the 243 bilayer, they are aligned fully upright with the helix axis parallel 244 to the membrane normal (Figure 2A ). When the peptides are 245 longer ( Figure 2B ), they will tilt within the complex like an iris, 246 such that the hydrophobic residues (e.g., Ile-2) are still retained 247 within the hydrophobic region of the bilayer. 
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